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The growth rate and surface hydrogen coverage during Si gas-source molecular beam epitaxy using
disilane have been obtained as functions of both the growth temperature and the source-gas
pressure. The activation energy of the low-temperature ~,600 °C! growth rate was found to increase
with the source-gas pressure, indicating a contribution by the adsorption process in these
low-temperature growth kinetics. Several growth models have been constructed based on the results,
among which the two-site/four-site-adsorption model @M. Suemitsu et al., Jpn. J. Appl. Phys.,
Part 2 36, L625 ~1997!# showed the best fit to both the growth rate and the hydrogen coverage.
© 2001 American Institute of Physics. @DOI: 10.1063/1.1389768#Silicon chemical vapor deposition ~CVD! has been an
important technology in fabricating semiconductor devices
such as bipolar junction transistors ~BJTs! and heterobipolar
transistors ~HBTs!. Today, CVD is attracting renewed atten-
tion in complementary metal–oxide–semiconductor
~CMOS! technologies in order to form such structures as a
channel’s retrograde distribution of impurity atoms or ul-
trashallow junctions at the source and drain. Parallel to in-
clusion of these new structures, single-wafer processing is
being introduced in state-of-the-art processes to cope with
the ever-increasing diameter of the wafers. In this situation,
understanding the growth kinetics and precise modeling of
the growth are crucial to gain practical throughputs in epi-
taxial processing.
In Si CVD or gas-source molecular beam epitaxy
~GSMBE! that utilizes Si hydrides as the source gas, the
growth is known to have two temperature regions: the low-
temperature region with a high growth-rate activation energy
Eg and the high-temperature region with a low Eg . In the
high-temperature region, growth rates are limited by mass
transport ~CVD! or adsorption of the source-gas molecules
~GSMBE! while it is rate limited by hydrogen desorption in
the low-temperature region.
The reported Eg values ~1.3–2.0 eV!,1–7 however, are
significantly lower than the reported activation energy ~1.9–
2.9 eV!8 for hydrogen desorption. We have shown before 9
that not only hydrogen desorption but also adsorption of
source-gas molecules affects the low-temperature growth
rate, and have explained the discrepancy between the two
activation energies. If the adsorption process plays a role in
low-temperature growth, then the activation energy of the
growth Eg should vary with the source-gas pressure. The first
objective of this study is to confirm this prediction. To this
end, the growth rates during Si GSMBE using disilane have
been obtained as a function of the growth temperature for
several source-gas pressures. To understand the pressure de-
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been obtained as well as the use of temperature-programmed
desorption ~TPD!. Finally, growth models were constructed
and compared with the experiment to find the best one,
which forms the second objective of this study.
Growth experiments have been conducted using disilane
on a Si~100! surface for substrate temperatures of T
5470– 700 °C and source-gas pressure of P51.33
31023 – 1.3331022 Pa. The base pressure of the GSMBE
chamber was in the range of 1028 Pa. The growth rate Rg
was measured by using the selective epitaxy, a benefit of
employing GSMBE, and a step profiler. To measure the
surface-hydrogen coverage, we utilized quenched epitaxy de-
sorption ~QED! method,10 in which the growth was
quenched by simultaneous suspension of both the substrate
heating and the source-gas supply, with the hydrogen cover-
age being measured by H2 TPD.
The closed symbols in Fig. 1 show the growth rate
FIG. 1. Growth rate Arrhenius plot ~closed symbols! and the surface hydro-
gen coverages ~open symbols!. The lines are the fitting curves using the
two-site adsorption model. Circles, triangles, and squares correspond to
growth pressures of 1.3331023, 5.3231023, and 1.3331022 Pa, respec-
tively. All fitting parameters except for the impinging rate G were fixed at
f 53, a50.35, n51013 s21, and Ed52.0 eV. Three G values, 3.80, 15.2,
and 38.0 nm min21, were chosen as proportional to the three pressures.
Significant deviations are seen in the hydrogen coverage.© 2001 American Institute of Physics
 AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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The low- and the high-temperature regions are clearly distin-
guishable. The boundary between the two temperature re-
gions shifts towards higher temperatures with an increase of
the source-gas pressure. Furthermore, Eg in the low-
temperature region is found to increase with pressure.
These behaviors are explained by considering a balance
between the adsorption and desorption rates of hydrogen at-
oms on the surface, which should be established in the sta-
tionary state:
du
dt 5 f Rg2nue
~2Ed /kBT !50. ~1!
Here, f, n , and u indicate the atomic H/Si ratio within a
source-gas molecule ~f 53 for disilane!, the prefactor for H2
desorption, and the surface hydrogen coverage, respectively.
We notice here that the activation energy Eg for the growth
cannot be equal to the energy Ed for hydrogen desorption
because u is always a strongly decreasing function of T. In
Fig. 1 also plotted are u values ~open symbols! as a function
of T for P51.3331022 and 1.3331023 Pa. In the low-
temperature region, hydrogen coverage increases with de-
creasing temperature, indicating that the film growth in this
region is dominated by hydrogen desorption. The higher the
source-gas pressure, the higher the hydrogen coverage be-
comes.
Since we have obtained Rg(T) and u(T) curves for two
pressures, we now try to construct a growth model that pro-
vides a unified description for both of the curves. We start
with a usual assumption that the growth rate Rg is given by a
product of the sticking coefficient a, the impinging rate G,
and the mth power of the dangling bond ~DB! density with m
being the number of necessary DB sites for adsorption of a
source-gas molecule:
Rg5aG~12u!m. ~2!
From Eqs. ~1! and ~2! we obtain an mth-order equation for u.
~12u!m5
nue ~2Ed /kBT !
f aG , ~3!
which forms the fundamental equation in the present analysis
of film growth.
First, we consider a two-site adsorption model (m52)
as the simplest case. Equation ~3! now takes quadratic form,
which can be solved easily as
Rg5aG~2g1Ag212g!, ~4a!
where
g5
ne ~2Ed /kBT !
6aG . ~4b!
Fittings of the experimental Rg with Eq. ~4a! are also shown
in Fig. 1. All parameters except for the impinging rate G
were fixed for the three curves, while G was varied in pro-
portion to the pressure variation. As can be seen, the model
fits all three experimental curves with excellent accuracy just
by changing the parameter G. In particular, the model repro-
duces the observed pressure dependence of Eg in the low-
temperature region well.
Downloaded 29 Mar 2010 to 130.34.135.21. Redistribution subject toThe triumph of the two-site adsorption model is however
limited to Rg . The u curves calculated from the solution to
Eq. ~3!, also shown in Fig. 1, indicate noticeable discrepan-
cies with the experiment especially at low temperatures and
high pressures. This discrepancy of the model implies that
the two-site adsorption model is insufficient. Figure 2 is a
log–log plot between the growth rate and the DB density
1–u. The lower left corresponds to the low-temperature re-
gion and the upper right to the high-temperature region.
From Eq. ~2!, the gradient of the plot provides the number of
required adsorption sites m. As can be seen in Fig. 2, the
slope is not constant but increases with increasing tempera-
ture. We have therefore adopted the two-site/four-site adsorp-
tion model developed earlier by the authors.11 The broad
solid curves in Fig. 2 are the fittings using this model, which
is actually a sum of the two- and four-site adsorptions ~the
two fine solid lines!. The improved fit suggests that the two-/
four-site adsorption model might provide a more realistic
description of the growth than either the two-site or four-site
adsorption model. For this new model, Eq. ~2! now becomes
Rg5a1G~12u!21a2G~12u!4. ~5!
Complicated as they are, the combined biquadratic equations
of Eqs. ~1! and ~5! can be solved analytically using math-
ematical software. The growth rates and hydrogen coverage
thus obtained are shown in Fig. 3. For the Rg Arrhenius plot,
the fitting has been improved in the new model, especially in
the transition region between the high- and the low-
temperature regions. The most striking feature of the two-
site/four-site adsorption model is that it provides a good fit to
the u – T relation for both 1.3331023 and 1.3331022 Pa.
The discrepancy seen at high temperatures of 1.33
31022 Pa growth is currently understood to be due to re-
sidual adsorption of the source-gas molecules after quench-
ing of this high-T, high-P growth.
In conclusion, we have investigated the effects of sub-
strate temperature and source-gas pressure on the growth rate
Rg and the surface hydrogen coverage u during Si CVD/
GSMBE growth. The growth-rate activation energy Eg at
low temperatures was found to depend on the source-gas
pressure although the growth in this region is rate limited by
hydrogen desorption as shown by the u – T relation. Two
growth models were proposed to understand the situation.
FIG. 2. Log–log plot between the growth rate and the density of dangling
bonds 1–u. The number of adsorption sites required can be easily evaluated
by the gradient of the curve. The broad solid lines are by using the two-site/
four-site adsorption model, which shows a good fit with the experiment. AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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Rg Arrhenius plot and its P dependence, but it failed to re-
produce the u – T relation. The two-site/four-site adsorption
model, on the other hand, gives excellent fits to both the
growth rate and the hydrogen coverage. In constructing prac-
FIG. 3. Fitting using the two-site/four-site adsorption model. Agreement
with the experiment is good for both the growth rate and the hydrogen
coverage. All fitting parameters except for the impinging rate G were fixed at
f 53, a150.15, a250.2, n51013 s21, and Ed52.0 eV. The G values, 3.80,
15.2, and 38.0 nm min21, are proportional to the growth pressure.Downloaded 29 Mar 2010 to 130.34.135.21. Redistribution subject totical growth models for Si epitaxy, the hydrogen coverage
and its temperature dependence should play a decisive role.
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